a particular astrocyte precursor that gives rise to morphologically distinct classes of astrocytes.
This astrocyte precursor labels with the monoclonal antibody A2B5, is highly migratory, proliferates in response to serum and plateletderived growth factor, and differentiates into process-bearing astrocytes, many of which subsequently assume a "pancake"-shaped morphology. A2B5+ astrocyte precursors share antigenic and migratory characteristics with previously described 02A progenitor cells but differ in their response to regulatory factors, including serum and coculture with type 1 astrocytes. More importantly, these astrocyte precursors do not give rise to oligodendrocytes.
In their proliferative response to serum and their capacity to differentiate into astrocytes, these glial precursors resemble type 1 astrocyte precursors from optic nerve. However, unlike type 1 astrocyte precursors, these cells are A2B5+, highly migratory, and do not give rise to fibroblast-like astrocytes. Neonatal rat spinal cord cultures contain approximately twice the number of the A2B5+ astrocyte precursors than 02A progenitor cells. By contrast, the majority of A2B5+ cells in postnatal day 7 optic nerve cultures are 02A progenitors. The presence of large numbers of A2B5 + astrocyte precursors in rat spinal cord cultures may reflect the more complex cytoarchitecture of the spinal cord compared to the optic nerve.
Two major classes of macroglial cells have been identified in the vertebrate CNS: oligodendrocytes and astrocytes (Peters et al., 1976) . Oligodendrocytes are responsible for myelin formation (Bunge, 1968) and can be identified in CNS cultures by using antibodies against galactocerebroside (GC) (Raff et al., 1978; Ranscht et al., 1982) , the major glycolipid in myelin. Astrocytes can be specifically identified by labeling with antibodies against glial fibrillary acidic protein (GFAP) (Bignami et al., 1972; Bignami and Dahl, 1974) a major component oftheir intermediate filaments (Schachner et al., 1977) .
During development of the vertebrate CNS, the cellular characteristics of glial precursors have been extensively studied in a variety of different regions including cortex (Levitt and Rakic, 1980) cerebellum (Schachner, 1982) optic nerve (Skoff et al., 1976a,b) , and spinal cord (Gilmore, 197 1; Hirano and Goldman, 1988 ). In the spinal cord, the majority of astrocytes and oligodendrocytes proliferate and differentiate during late embryonic and early postnatal stages of development (Fujita, 1965; Gilmore, 1971; Ling, 1976; Sturrock, 1982) and in general, astrocytes differentiate before oligodendrocytes (Ling, 1976) , consistent with similar observations in other regions of the CNS (Skoff et al., 1976a,b) . Two distinct hypotheses have been proposed to explain the origin of spinal cord astrocytes and oligodendrocytes. In one, glioblasts initially located in the region of the central canal subsequently migrate to the peripheral white matter, proliferate, and differentiate into astrocytes and oligodendrocytes (Fujita, 1965; Gilmore, 197 1) . Alternatively, astrocytes and oligodendrocytes may differentiate directly from spinal cord radial glia (Choi et al., 1983; Hirano and Goldman, 1988) . The conversion of radial glia into astrocytes has been well documented in other regions of the CNS (Levitt and Rakic, 1980; Culican et al., 1990) .
In order to examine the regulation of glial precursor proliferation and differentiation and to address precursor/progeny relationships during glial development, many studies have utilized in vitru analysis (Juurlink et al., 198 1; Federoff et al., 1984; Levi et al., 1987; Behar et al., 1988; Raff, 1989; Culican et al., 1990; Miller and Szigeti, 199 1) . For example, in cortical cultures RCl (Edwards et al., 1990) immunoreactive radial glial cells subsequently differentiate into astrocytes (Culican et al., 1990) . Cultures of neonatal rat optic nerve contain three distinct types of macroglial cells: oligodendrocytes and two types of astrocytes termed type 1 and type 2 astrocytes, which differ in their morphology, antigenic phenotype, and timing of differentiation Raff, 1989) .
These three types of macroglial cells in optic nerve cultures develop from two distinct precursors. Type 1 astrocytes develop from a precursor that is not highly motile, proliferates in the presence of serum (Abney et al., 1981) , and reacts with Ran-2 (Bartlett et al., 1981) but not A2B5 (Eisenbarth et al., 1979) antibodies. By contrast, oligodendrocytes and type 2 astrocytes develop from highly motile (Small et al., 1987) , bipotential02A progenitor cells that label with A2B5 but not Ran-2 antibodies (Raff et al., 1983a,b) . The direction of differentiation of 02A progenitor cells depends on environmental cues. In the absence of serum, 02A progenitor cells constitutively differentiate into oligodendrocytes and lose A2B5 expression (Raff et al., 1983a) . The development of type 2 astrocytes, however, appears to require the presence of a ciliary neurotrophic factor-like (Barbin et al., 1984) induction factor (Hughes et al., 1988) , in combination with an additional extracellular matrix-derived cosignal (Lillien et al., 1990 ). In the presence of serum, 02A progenitors do not proliferate but instead rapidly differentiate into type 2 astrocytes (Raff et al., 1983a) . A major mitogen for 02A progenitor cells appears to be platelet-derived growth factor (PDGF) (Noble et al., 1988) , which is produced by both type 1 astrocytes Optic nerve cultures were prepared from 7-d-old (P7) rats as previously described (Miller et al., 1985) and plated at a density of 10,000 viable cells/coverslip. Conditioned medium was prepared from optic nerve and spinal cord cultures following a 3-4 d incubation in serumfree medium. Conditioned medium was diluted 1: 1 with fresh medium ;u 'eh et al., 199 1) . 'In addition, fibroblast growth factor' (FGF) (Richardson et al.. 1988 ) and neurons (Sasahara et al.. 199 1: may play an important role in regulating proliferation and differentiation of these progenitor cells (Bogler et al., 1990; McKinnon et al., 1990) .
Although cells with antigenic phenotypes corresponding to type 1 astrocyte and 02A lineages have been described in cultures of developing cerebellum (Levi et al., 1986a,b) and cerebrum (Behar et al., 1988; Ingraham and McCarthy, 1989) , this simple classification mav not encompass all astrocvtes of the vertebrate CNS. For example, additional types of astrocyte precursors appear to be present in cultures from cerebellum (Schachner, 1982) and mouse neopallium (Federoff and Doering, 1980) while single cell cloning and lineage analyses suggest that cultures from newborn rat spinal cord contain five morphologically distinct classes of astrocytes, some of which do not easily fit into the previous type 1 and type 2 classification (Miller and Szigeti, 199 1) .
Explant cultures. Explant cultures of PO spinal cord were prepared before use. from cervical and thoracic segments by chopping the tissue into small pieces and forcing the pieces through a 500 pm Nitex filter twice. The tissue pieces were then resuspended and plated in DMEM-F12 containing 10% FBS on poly-r-lysine-coated 13 mm coverslips at a density of 1 O-20 explants/coverslip.
To obtain cultures enriched for migratory process-bearing cells, explants were grown for 2 d to allow emigration of process-bearing cells and then the bulk of the explant containing nonmigratory cells was detached from the substrate bv a iet of culture medium from a Pasteur pipette. Although the resultant cultures were greatly enriched for process-bearing cells (70-80% compared to 40-45%), a significant number of flat type l-like astrocytes also remained. In some experiments, clonal cultures were prepared (Miller and Szigeti, 199 1) . In such cases, PO spinal cord explants were grown for 1-2 d in a poly+lysine-coated 25 cm* tissue culture flask and then dislodged by shaking. The migratory cells remaining were detached after a further day in culture by incubating them at 37°C for 15 min with trypsin/EDTA. The cells were replated at a density of 50 cells/coverslip on a poly-L-lysine substrate or on a monolayer of rat cortical type 1 astrocytes.
Antibodies and immunojluorescent staining. To identify particular cell types in both dissociated and explant cultures, cells were labeled by indirect immunofluorescence using specific antibody reagents. These antibodies included A2B5 (Eisenbarth et al., 1979) to label 02A progenitor cells and type 2 astrocytes (Raff et al., 1984 ; ascites fluid, 1: 100). anti-aalactocerebroside (Ranscht et al.. 1982) to identifv olinodendrocytei (ascites fluid, 1:260), 04 (Sommer and Schachner, 198 1) to identify 02A progenitor cells and immature oligodendrocytes (hybridoma supematant, 1:5), monoclonal anti-vimentin to identify immature glial precursors (1:50; Oncogene Science), rabbit anti-GFAP antiserum to identify astrocytes (1: 100; Axell), and anti-neurofilament (1:50; Sigma) to identify neurons. To visualize cell surface antigens, such as those recognized by A2B5, 04, and anti-GC antibodies, cells were labeled prior to fixation, while intracellular antigens such as vimentin and GFAP were detected following 10 min fixation with 5% acetic acid in methanol at -20°C. All antibodies were diluted in DMEM containing 10% normal goat serum (NGS), and incubations were for 30 min at room temperature. Binding of primary antibodies was detected using rhodamine-conjugated goat anti-mouse IgG (Cappel) for mouse antibodies and fluorescein-conjugated sheep anti-rabbit IgG (Cappel) for rabbit antibodies. When immunoglobulin class-specific reagents were required, for example, in double-label experiments with A2B5 and anti-GC antibodies, rhodamine-conjugated goat anti-mouse IgM (FisherBiotech) and fluorescein-conjugated goat anti-mouse IgG3, respectively (FisherBiotech), were used. All secondary antibodies were used at a concentration of 1: 100 in DMEM containing 10% NGS. Specificity of immunoreactivity was confirmed in control experiments either by labeling with secondary antibody alone or in combination with an appropriate normal serum substituted for the first antibody.
Since the A2B5 antibody distinguishes specific glial precursor cells in cultures from other regions of the CNS, we examined A2B5 + cells from newborn rat spinal cord to characterize glial precursors in spinal cord cultures. We show that the A2B5+ glial precursor population in neonatal rat spinal cord cultures comprises two distinct groups of cells that differ in their mitogenie requirements and differentiative capacity. A minor population of A2B5 + cells behave like bipotential02A progenitor cells. Most of the A2B5+ cells, however, are astrocyte precursors that give rise to morphologically distinct classes of astrocytes.
Materials and Methods
Dissociated cell cultures. Dissociated cell cultures were prepared from newborn (PO) cervical and thoracic regions of Sprague-Dawley rat spinal cord as previously described (Warf et al., 199 1) . Briefly, spinal cords were isolated and the meninges removed. The tissue was finely chopped and incubated at 37°C for 30 min in calcium-and magnesium-free Dulbecco's minimum essential medium (DMEM; GIBCO) containing 0.025% EDTA (Sigma) and 0.1% trypsin (Sigma). The trypsin/EDTA mixture was then replaced with an equal volume of 0.05 mg/ml DNase (Sigma) in DMEM-F12 (GIBCO) and the tissue dissociated by trituration. The cell suspension was passed through Nitex mesh (30 pm; Tetko Inc.) and centrifuged for 5 min at 500 x g. The cells were resuspended in culture medium containing 10% fetal bovine serum (FBS), counted, and plated onto poly-L-lysine-coated 13-mm-diameter glass coverslips at a density of 10,000 viable cells/coverslip. Cultures were grown in DMEM-F12 containing 10% FBS or in serum-free medium (Bottenstein and Sato, 1979) as required and maintained at 37°C in a humidified atmosphere of 5% CO,. In all cultures, cell viability was determined at the time of plating by trypan blue exclusion.
To remove specific populations of cells by complement-mediated cytolysis, cultures were incubated at 37°C for 15 min with A2B5 antibody and 18 dilution of rabbit complement (GIBCO). The efficiency of cell lysis was determined by comparing the number of A2B5 + cells surviving the A2B5 antibody and complement treatment with the number of A2B5+ cells in cultures treated with complement alone.
Monolayers ofpurified type I astrocytes were prepared from newborn rat cerebra1 cortex using standard procedures (Smith et al., 1990) . The purity of the monolayers was determined by double immunofluorescent labeling with either A2B5 or anti-GC antibodies in combination with anti-GFAP staining. Only sister cultures of astrocyte monolayers containing no detectable A2B5-or GC-immunoreactive cells were used in subsequent experiments.
BrdUincorporation
assay. To determine the extent ofcell proliferation under different experimental conditions, a bromodeoxyuridine (BrdU) incorporation assay was used (Nowakowski et al., 1989) . BrdU is a thymidine analog that is incorporated into the DNA of proliferating cells during S-phase. Cells that have undergone division in the presence of BrdU can then be specifically identified by indirect immunofluorescence using anti-BrdU antibodies (Yang and Kim, 1987) .
To assess the influence of serum and other growth factors on spinal cord glial precursor proliferation, complete or A2B5 + cell-enriched spinal cord cultures were grown for 18 hr in serum-free medium to allow proliferation to reach basal levels. The medium was then replaced with one containing growth factors at the following concentrations: 10% FBS, 2 &ml FGF (Collaborative Research Inc.), or 6 n&ml PDGF (Collaborative Research Inc.). Cells were grown for 2 d in the presence ofgrowth factors, and for the last 18 hr of that period, 20 PM BrdU (Sigma) was added to the culture medium. A2B5 + cells that had actively proliferated during the final 18 hr in the presence ofsrowth factor were then identified by double-labeling indireci immunofliorescence analysis using A2B5 and mouse anti-BrdU antibodies. The method used for this double label was similar to that described above, with the exception that cells were The differentiation of process-bearing cells in optic nerve and spinal cord cultures was qualitatively similar, but quantitatively different. Dissociated cells from P7 optic nerve and PO spinal cords were grown in the absence or presence of serum for 1 and 4 d, and the proportion of process-bearing cells expressing A2B5, GC, and GFAP was determined. In optic nerve cultures, the majority of process-bearing cells were A2B5+ and most of these differentiated into GC+ oligodendrocytes after 4 d in the absence of serum, or into GFAP+ astrocytes in the presence of serum. By contrast, in spinal cord cultures, a significantly smaller proportion of process-bearing cells labeled with A2B5 than in optic nerve cultures, and although more oligodendrocytes developed in the absence than in the presence of serum, the differentiation of A2B5+ cells into oligodendrocytes was less complete in spinal cord cultures than in optic nerve. Furthermore, in spinal cord, but not optic nerve cultures, a significant number of A2B5 + cells and GFAP+ astrocytes developed in the absence of serum. In spinal cord cultures, the remaining process-bearing cells probably represent a combination of 04+ oligodendrocytes and A2B5 -glial precursors. The data represent the mean f SD from at least three separate experiments.
treated for 10 min with 2N HCl immediately after fixation to render the DNA accessible to the anti-BrdU antibody (1:20; Boehringer Mannheim). In all cases, coverslips were mounted in glycerol containing 5% n-propyl gallate to prevent fluorescence fading, and labeled cells were examined with a Nikon Optiphot fluorescence microscope equipped with appropriate rhodamine and fluorescein filters and photographed on T&X film (ASA 400). Quantitation of glial cell populations. To determine the relative numbers of distinct cell types that developed under different culture conditions, cells were labeled with cell-type-specific antibodies and examined as above. Process-bearing cells were defined as cells with a small, round cell body and at least two processes each of which was more than a cell body diameter in length. In all cases, the total number of cells of a particular morphology and antigenic phenotype was determined and expressed as a percentage of total cell number. More than 200 cells were counted from duplicate coverslips in each experiment, and experiments were repeated a minimum of three times.
Results

Developing rat spinal cord cultures contain multiple types of glial cells
To assess the extent of glial cell diversity in PO rat spinal cord, low-density dissociated cell cultures were grown for l-4 d under different conditions and stained with cell-type-specific antibodies. Cultures grown in the absence of serum contained processbearing cells, which consisted of cells with an antigenic phenotype characteristic of 02A progenitors (A2B5+, GC-, GFAP-), GC-immunoreactive oligodendrocytes ( Fig. la-c) , and both A2B5 +, GFAP+ and A2B5 -, GFAP+ astrocytes. In addition, flat A2B5-, GFAP+ astrocytes were also present in these cultures. In the presence of serum, spinal cord cultures contained many more process-bearing and flat astrocytes and most of the process-bearing astrocytes were A2B5 immunoreactive ( Fig. Id-J) . Furthermore, far fewer GC+ oligodendrocytes were found in cultures grown in the presence of serum. In cultures grown for 4 d in either the presence or absence of serum, less than 1% of the cells were neurofilament-immunoreactive neurons, presumably because neurons failed to survive in the low-density culture conditions.
To determine if those cells in spinal cord cultures with an antigenic phenotype similar to optic nerve 02A progenitor cells (i.e., A2B5 +, GC-, GFAP-) also gave rise to oligodendrocytes or A2B5 + astrocytes, two different approaches were taken. First, A2B5 + cells were selectively eliminated from newborn rat spinal cord cultures by treatment with A2B5 antibody and rabbit complement. Cultures were then grown for 4 d in the presence or absence of serum and the antigenic phenotype ofthe surviving cells determined by indirect immunofluorescence. No oligodendrocytes or A2B5-immunoreactive astrocytes were seen in either culture condition after such treatment, even though large numbers of flat and process-bearing A2B5-astrocytes developed. This observation indicates that the subsequent development of oligodendrocytes and A2B5 + astrocytes in spinal cord cultures is dependent on the continued presence of A2B5 + cells. Second, previous studies in P7 optic nerve cultures have demonstrated the almost total conversion of A2B5+ cells to either oligodendrocytes or type 2 astrocytes depending on the culture environment (Raff et al., 1983a) . Since GC+ oligodendrocytes appear almost a week earlier in spinal cord than in optic nerve (Warf et al., 199 l) , the differentiation of A2B5 + cells from PO spinal cord cells was compared to that of A2B5 + cells from P7 optic nerve in the absence and presence of serum. In both spinal cord and optic nerve cultures, more oligodendrocytes developed in the absence of serum than in the presence of serum (Table  1 ). In addition, in both cultures fewer A2B5+ astrocytes developed in the absence of serum than in its presence (Table 1) . These results suggest that spinal cord, like optic nerve cultures, contain a population ofA2B5 + bipotential progenitor cells whose differentiative pathway is influenced by the presence of serum in the medium. Although optic nerve and spinal cord cultures were similar in their general response to environmental manipulations, quantitative analyses ofglial development revealed several important differences between cultures derived from the two regions. First, in optic nerve cultures, more than 70% of the process-bearing cells were oligodendrocytes after 4 d in the absence of serum, while in spinal cord cultures grown under similar conditions, e) and either anti-GC (c) or anti-GFAP antibodies cf). In the absence of serum many process-bearing cells are A2B5+, GC-, although some GC+ oligodendrocytes are also seen (c). By contrast, in the presence of serum, many of the A2B5+ process-bearing cells are also GFAP+, although both A2B5 +, GFAP-(arrow in e) and A2B5 -. GFAP+ (arrow in f) orocess-bearing cells were seen. Flat A2B5 -astrocytes are also present. a and d, phase-contrast images. Scale bar, 50 pm. ' ", .
only 23% were oligodendrocytes (Table 1) . Second, in optic nerve cultures, the appearance of oligodendrocytes was accompanied by a corresponding depletion of A2B5 + progenitor cells, while in spinal cord cultures the proportion of A2B5 + progenitor cells remained relatively constant, suggesting either proliferation of A2B5+ cells or recruitment from an A2B5-population. Finally, while more than 70% of the process-bearing cells in both optic nerve and spinal cord cultures were GFAP+ after 4 d in the presence of serum, in optic nerve cultures virtually all process-bearing astrocytes were A2B5+, while about 25% were A2B5-in spinal cord cultures. Thus, in spinal cord cultures, the presence of significant numbers of A2B5-processbearing cells in the starting population, combined with the development of numerous process-bearing astrocytes in serumfree cultures, suggests that spinal cord cultures contain additional astrocyte types not present in optic nerve cultures. It is likely that the additional astrocyte types in spinal cord cultures are derived from distinct astrocyte precursors.
A2B5+ glial precursor cells selectively migrate from spinal cord explants In optic nerve cultures, A2B5+ glial precursors are known to be highly motile (Temple and Raff, 1985; Small et al., 1987; Noble et al., 1988) . We took advantage ofthe migratory capacity of A2B5 + glial precursors to obtain cultures from neonatal rat spinal cord enriched for these cells. Process-bearing cells migrated away from PO rat spinal cord explants in l-2 d, after which the explants were removed and the properties of the remaining cells characterized. Approximately 200-500 cells remained on each coverslip after explant removal, 70-80% of which were A2B5 + and had a process-bearing morphology while less than 20% were flat fibroblastic cells, indicating a substantial for A2B5+ process-bearing cells (Fig. 2) . These A2B5 + cells exhibited many characteristics of glial precursors. More than 90% labeled with anti-vimentin antibodies (data not shown), a characteristic of immature glial cells, while less than 5% expressed detectable levels of either the oligodendrocyte maker GC, or the astrocyte marker GFAP. Further, approximately 15% of process-bearing cells labeled with the monoclonal antibody 04, an antigenic characteristic shared by 02A progenitor cells and immature oligodendrocytes (Schachner et al., 198 1; Sommer and Schachner, 198 1) . The significant enrichment of A2B5+ spinal cord glial precursors provided by this procedure allowed further analysis of their differentiative capacity.
A2B5 -I-cells give rise to astrocytes and oligodendrocytes
To determine whether the A2B5+ cell-enriched cultures have the capacity to give rise to oligodendrocytes and astrocytes, cells were grown for 4 d in the presence or absence of serum. In the presence of serum, more than 75% of the process-bearing cells were astrocytes (Table 2 ) and the majority of these cells were A2B5 immunoreactive (Fig. 2) . In the absence of serum, however, only 17% of the process-bearing cells differentiated into GC+ oligodendrocytes (Fig. 2) , while 25% differentiated into astrocytes most of which were A2B5+ (Table 2) . A significant proportion (approximately 6 1%) of the remaining A2B5 + cells retained an undifferentiated progenitor-like phenotype. The low number of oligodendrocytes in these serum-free cultures appeared to result from a lack of oligodendrocyte differentiation rather than a lack of oligodendrocyte precursor survival. For example, in a typical experiment, quantitation of A2B5-immunoreactive cells demonstrated 208 +-68 cells/coverslip after 1 d, 253 f 22 after 4 d in the absence of serum, and 3 15 f 19 after 4 d in the presence of serum, suggesting that the actual number of A2B5 + cells did not change significantly during the experiment. Furthermore, the small proportion of GC+ oligodendrocytes that developed in these cultures was not simply a reflection of delayed differentiation, since even when spinal cord cultures were maintained for a further 12 d, the proportion of GC+ oligodendrocytes never increased beyond 35% (data not shown). These findings contrast sharply with results from studies on the optic nerve, where under similar conditions, more than 70% of A2B5+ process-bearing cells differentiated into oligodendrocytes in the absence of serum (compare Tables 1  and 2 ).
The different responses of spinal cord and optic nerve glial precursors in the presence and absence of serum may reflect either differences in the cellular and molecular environment of the two culture systems, or the presence of intrinsically different cell types in the two cultures. To examine the influence of environmental factors on the differentiation of oligodendrocytes, A2B5 + cell-enriched cultures from PO and P7 spinal cord were grown in the presence of P7 optic nerve-conditioned media, while P7 optic nerve cells were grown in the presence of PO and P7 spinal cord-conditioned media. The proportion of GC+ cells under each condition was determined after 4 d in culture (Table  3 ). In no case did the addition of conditioned medium significantly alter the proportion of oligodendrocytes that developed in each culture (Table 3) , although in all cases cell survival was enhanced.
While it remains possible that some cell-cell interaction is altering the response of A2B5+ glial precursors in spinal cord cultures, the most likely interpretation of these observations is that intrinsic cellular differences rather than environmental influences are predominantly responsible for the difference in response of spinal cord and optic nerve glial precursors. Thus, we propose that in spinal cord cultures, although both processbearing astrocytes and oligodendrocytes develop from A2B5 + cells, these cultures contain two separate populations of A2B5 + glial precursors. One precursor has similar characteristics to 02A progenitor cells, while the other population of A2B5 + glial precursors does not differentiate into oligodendrocytes in the absence of serum, but instead either retains a precursor-like phenotype, or differentiates into A2B5 + process-bearing astrocytes. These cells will be referred to as A2B5+ astrocyte precursors to distinguish them from bipotential 02A progenitor cells.
Two distinct A2B5+ glial precursors in newborn rat spinal cord cultures
To examine the developmental potential of individual glial precursors from rat spinal cord, A2B5 + cell-enriched cultures were grown on a poly-L-lysine substrate at clonal density in the absence or presence of serum. After 4 d in vitro, the antigenic phenotype of the clonal progeny was assayed by indirect im- On a poly+lysine substrate, more clones contained some GC+ oligodendrocytes in the absence of serum than in the presence of serum. By contrast, more clones contained some astrocytes in the presence of serum than in the absence of serum. In large part, this appeared to reflect the differentiation of A2B5 + astrocyte precursors into astrocytes in the presence of serum. On an astrocyte monolayer, in the absence of serum, the same number of clones contained oligodendrocytes.
However, the number of clones containing astrocytes increased dramatically over that seen on a poly-L-lysine substrate while the number of undifferentiated progenitor clones decreased, suggesting that coculture with type 1 astrocytes had no effect on 02A progenitor cell differentiation, but induced astrocyte differentiation in A2B5 + astrocyte precursors. In the presence of serum, no oligodendrocyte-containing clones developed and the number of astrocyte-containing clones increased from that seen in the absence of serum. This increase most likely reflects the differentiation of 02A progenitors into type 2 astrocytes in the presence of serum. The data represent percentages of clones with progeny of a particular phenotype. The actual numbers of clones assayed are shown in parentheses. The number of exclusively precursor clones is calculated from the number of A2B5+ clones minus the number of GC+ or GFAP+ cell-contain&g clones.
munofluorescence with A2B5, anti-GC, and anti-GFAP antibodies. In the absence of serum, 38% of clones contained GC+ oligodendrocytes (Table 4A) , and more than half of these clones also contained A2B5+ 02A progenitor cells (Fig. 3) . Fifteen percent of clones contained GFAP+ astrocytes, approximately half of which also included A2B5 + precursor cells, suggesting that some precursors constitutively gave rise to astrocytes. Approximately 50% of clones, however, comprised exclusively A2B5+ precursor cells, suggesting that these glial precursors required a signal to undergo differentiation (Table 4A ). By contrast, in the presence of serum, only 5% of clones contained any oligodendrocytes, while more than 75% contained astrocytes (Fig. 3) . Furthermore, the number of clones comprised exclusively of A2B5 + precursors was substantially smaller than that seen in the absence of serum (Table 4A ). These observations suggest that in the absence of serum, A2B5+ 02A progenitor cells differentiated into oligodendrocytes, while the A2B5 + astrocyte precursors either retained a precursor phenotype, or differentiated into A2B5+ astrocytes. In the presence of serum, however, both 02A progenitor cells and the A2B5 + astrocyte precursors differentiated into astrocytes. Although serum induced astrocyte differentiation in both 02A progenitor and A2B5 + astrocyte precursor populations, the regulation of differentiation appeared to be different. For example, when optic nerve 02A progenitor cells were grown on a type 1 astrocyte monolayer in the absence of serum, they differentiated into oligodendrocytes as they did on poly+lysine. Spinal cord 02A progenitors appeared to behave in a similar manner. When A2B5 + spinal cord cells, which contained both 02Aprogenitors and A2B5 + astrocyte precursors, were grown at clonal density on astrocyte monolayers for 6 d in the absence of serum, the proportion of clones containing oligodendrocytes was similar to that seen on poly-L-lysine, suggesting that differentiation of spinal cord 02A progenitor cells into oligodendrocytes was not affected by coculture with type 1 astrocytes (Table 4B) . While the number of oligodendrocyte-containing clones was unaffected by coculture of A2B5 + cell-enriched spinal cord cells with type 1 astrocytes, the number of astrocyte-containing clones increased dramatically over that seen on poly-L-lysine-from 15% on poly+lysine to greater than 70% on an astrocyte monolayer (Table 4) . At the same time, the proportion of exclusively A2B5 + precursor cell clones decreased from 50% on poly-L-lysine to zero on astrocytes. These observations suggest that coculture with type 1 astrocytes in the absence of serum promoted the differentiation of A2B5 + astrocyte precursors into astrocytes. It seems likely that the clonal progeny of 02A progenitor cells differentiated into type 2 astrocytes when grown on astrocyte monolayers in the presence of serum. For example, under these conditions no clones containing oligodendrocytes developed, while the proportion of clones containing astrocytes increased over that seen in the absence of serum. The absence of oligodendrocytes and increase in astrocyte-containing clones in the presence of serum is consistent with the switching of bipotential 02A progenitor cell differentiation from oligodendrocytes to type 2 astrocytes (Table 4) . Taken together, these observations suggest that in the absence of serum, coculture on a type 1 astrocyte monolayer promoted astrocyte differentiation of A2B5 + astrocyte precursors while 02A progenitors differentiated into oligodendrocytes as previously described Temple and Raff, 1986) . In the presence of serum, as on a poly-L-lysine substrate, both A2B5 + astrocyte precursors and 02A progenitors differentiated into astrocytes. (g-z) . a, d, and g are phase-contrast images; b, e, and h are labeled with A2B5; c is labeled with anti-GC, andfand i are labeled with anti-GFAP antibodies. In the absence of serum, many of the clones containing oligodendrocytes also contained some A2B5 + cells (u-c) . In sister cultures in the presence of serum, the majority of clones contained A2B5 + , GFAP+ cells (d-J). In the absence of serum, but on a monolayer of type 1 astrocytes, the majority of clones containing A2B5 + cells were process-bearing astrocytes (g-z). Note that the GFAP staining of the process-bearing A2B5 + astrocytes in i is more difficult to detect against the background of type 1 astrocyte staining. Scale bars, 50 pm. A2B.5+ astrocyte precursor cells proliferate in response to serum In the clonal analysis of A2B5+ spinal cord glial precursors, not only were astrocyte-containing clones more common in the presence of serum than in its absence, but the number of cells per clone was also significantly larger. For example, after 4 d in the absence of serum, astrocyte-or oligodendrocyte-containing clones were typically composed of two to three cells and no clones contained more than four cells. However, in the presence of serum, more than 20% of the astrocyte clones contained at least 4 cells, and the largest clone contained 12 cells, suggesting that serum promotes proliferation of A2B5 + astrocyte precursors. To examine the effects of factors known to regulate glial cell division, we compared BrdU incorporation in A2B5 + cells from spinal cord and optic nerve in the presence of serum, PDGF and FGF. In the presence of serum, 52% of spinal cord A2B5 + cells incorporated BrdU (Fig. 4) . By contrast, only 17% of A2B5+ optic nerve cells incorporated BrdU in parallel experiments (Table 5 ). PDGF and FGF were mitogenic for similar proportions of cells in both spinal cord and optic nerve cultures (Table 5) . Furthermore, in spinal cord cultures, the proportion of cells incorporating BrdU in the presence of both serum and PDGF did not increase over that seen with PDGF alone (Table  5 ), suggesting that serum promoted proliferation in only a subpopulation of PDGF-responsive A2B5 + cells. Two observations indicate that serum acted predominantly as a mitogen for A2B5 + astrocyte precursors and not for 02A progenitor cells. First, when A2B5 + spinal cord cells were grown for 3 d in the absence of serum, allowing differentiation of 02A progenitor cells into oligodendrocytes, and subsequently replated and cultured for 3 d at clonal density in the presence of Culture condition . Spinal cord A2B5 + cells that proliferate in the presence of serum subsequently give rise to astrocytes and not oligodendrocytes. Cultures of PO A2B5+ cell-enriched rat spinal cords (u-f) and P7 optic nerve (g-r) were grown in the presence of 10% FBS for 2 d, the last 18 hr also in the presence of BrdU, and then switched to serum-free medium to allow cell differentiation to occur. Cultures were double labeled with either anti-GC (b, h) or anti-GFAP (e) and anti-BrdU antibodies (c, J; 1) as described in Materials and Methods. In spinal cord cultures many process-bearing cells incorporated BrdU (c, j). These cells did not subsequently differentiate into oligodendrocytes (b) but into GFAP+ astrocytes (e). In optic nerve cultures, fewer process-bearing cells incorporated BrdU, and as in spinal cord, these cells did not subsequently differentiate into GC+ oligedendroeytes (h). a, d, and g are matching phase-contrast micrographs for each fluorescent panel. b, e, and h were visualized under fluorescein optics. c, f; and i are identical fields visualized under rhodamine optics. Scale bar, 50 pm. serum, more than 75% of the cells that proliferated in the presin the presence of serum are most likely derived from A2BS+ ence of serum gave rise to clones comprised of process-bearing astrocyte precursors and not 02A progenitors. Second, PO-deastrocytes and/or A2B5+ cells (data not shown). Since 02A rived A2B5+ spinal cord and P7 optic nerve cells were grown progenitor cells differentiated rapidly into type 2 astrocytes in for 2 d in serum and pulsed with 20 PM BrdU for the last 18 hr the presence of serum, the multicellular clones that developed to label actively proliferating cells. The cultures were then switched to serum-free medium in the absence of BrdU to allow cell differentiation to occur and the proportion of BrdU-labeled oligodendrocytes and astrocytes determined (Table 6 ). In spinal cord cultures, approximately 70% of the process-bearing cells incorporated BrdU but less than 3% of these cells subsequently differentiated into oligodendrocytes (Fig. 5) . The majority of BrdU-labeled cells were either A2B5+ precursors or GFAP+ process-bearing astrocytes (Table 6 , Fig. 5 ). By comparison, in optic nerve cultures, less than 15% of process-bearing cells incorporated BrdU and virtually none of these cells differentiated into oligodendrocytes (Table 6 , Fig. 5 ). These observations demonstrate that the cells stimulated to proliferate by the presence of serum subsequently gave rise to astrocytes but not oligodendrocytes when allowed to differentiate in the absence of serum. Thus, although both 02A progenitor cells and A2B5 + astrocyte precursors proliferate in response to PDGF, only the A2B5+ astrocyte precursors appear to proliferate in response to serum. A2B5 f astrocyte precursors give rise to morphologically distinct classes of astrocytes To determine the morphological and antigenic phenotype of the progeny of the A2B5+ astrocyte precursor population, single cells from A2B5+ cell-enriched spinal cord cultures that proliferated in the presence of serum were allowed to develop into clones for up to 10 d. When cultured on poly+lysine substrate, cells in astrocyte-containing clones were of two distinct morphologies: process-bearing or a distinctive "pancake''-shaped morphology (Fig. 6) . Within a single clone, although the morphology of individual cells was generally similar, not every cell labeled with A2B5 (Fig. 6) , indicating that A2B5 immunoreactivity does not define all stages of differentiation in A2B5+ astrocyte precursor development. In general, the majority of process-bearing cells retained A2B5 immunoreactivity while many pancake-shaped cells lacked A2B5 immunoreactivity. By observing single clones on a daily basis, it appeared that clones of pancake-shaped astrocytes arose from process-bearing cells that proliferated and that subsequently assumed the pancake morphology. This morphological conversion was not, however, necessarily coincident with a loss of A2B5 immunoreactivity.
When A2BS+ astrocyte precursor cells were grown on type 1 astrocytes, the morphology of the astrocyte progeny was dramatically different from that seen on a poly-L-lysine substrate. On type 1 astrocytes, A2B5+ astrocytes derived from A2B5+ astrocyte precursors were invariably process bearing (Fig. 3h) and their processes were often quite long and slender. Clones containing the pancake-shaped A2B5 + astrocytes were seldom seen on type 1 astrocyte monolayers, but were occasionally found occupying holes within the monolayer. Since pancake-shaped astrocytes lose A2B5 immunoreactivity, their detection against a background of type 1 astrocytes is difficult. It may be, however, that contact between type 1 astrocytes and the progeny of the A2B5+ astrocyte precursor cells is required to maintain the process-bearing morphology.
These studies suggest that at least three distinct glial precursor cells were present in cultures of neonatal rat spinal cord: (1) A2B5 -cells that give rise to flat type l-like astrocytes and that do not migrate extensively from explants; (2) A2B5 +, migratory 02A-like progenitor cells that give rise to oligodendrocytes or type 2 astrocytes and proliferate in response to PDGF but not serum; and (3) A2B5 +, migratory astrocyte precursor cells that proliferate in response to both PDGF and serum. On a poly-L-lysine substrate, the A2B5 + astrocyte precursors differentiated initially into process-bearing and subsequently into pancake-shaped astrocytes in the presence of serum. In coculture with type 1 astrocytes, A2B5 + astrocyte precursors rapidly differentiated into process-bearing astrocytes in the absence of serum.
Discussion
We have examined glial development in cultures of newborn rat spinal cord and show that unlike optic nerve cultures, the A2B5+ migratory process-bearing population in spinal cord cultures contain two distinct populations of glial precursor cells. Some of these A2B5 + glial precursors resemble optic nerve 02A progenitor cells (Raff, 1989) ; they proliferate in response to PDGF (Noble et al., 1988) and FGF (Bogler et al., 1990; McKinnon et al., 1990) and in the absence of serum differentiate into oligodendrocytes, while in the presence of serum they may differentiate into A2B5 + process-bearing type 2-like astrocytes. The majority of A2B5 + glial precursors in newborn rat spinal cord cultures, however, are astrocyte precursors, and such cells appear to be absent or rare in optic nerve cultures.
Spinal cord A2B5+ astrocyte precursors share a number of characteristics with 02A progenitor cells. They have a processbearing morphology and strong A2B5 immunoreactivity. These cells actively migrate from newborn spinal cord explants and proliferate in response to PDGF and FGF. However, unlike 02A progenitor cells, A2B5+ astrocyte precursors do not give rise to oligodendrocytes. When grown under conditions that result in the differentiation of 02A progenitors into oligodendrocytes, most A2B5 + astrocyte precursors retain a precursorlike phenotype. Furthermore, although these cells differentiate into astrocytes in the presence of serum (as do 02A progenitor cells), they are also stimulated to proliferate by serum.
Spinal cord A2B5 + astrocyte precursors also share some similarities with optic nerve type 1 astrocyte precursors. Both cell types proliferate in response to serum, and both appear to give rise only to astrocytes. These two astrocyte precursors, however, differ in a number of important ways. Optic nerve type 1 astrocyte precursors lack A2B5 immunoreactivity and a processbearing morphology (Raff et al., 1984) and are not highly motile, while the spinal cord A2B5+ astrocyte precursor cells are A2B5+, process bearing, and more migratory than type 1 astrocyte precursors. Furthermore, type 1 astrocyte precursors give rise to flat astrocytes with a fibroblast-like morphology in both optic nerve (Raff et al., 1983b (Raff et al., , 1984 and spinal cord cultures, while A2B5+ astrocyte precursors give rise to either processbearing or specific "pancake''-shaped astrocytes. Single cell cloning studies have shown that these pancake-shaped cells represent a different class of astrocytes from type l-like astrocytes in spinal cord cultures (Miller and Szigeti, 199 1) .
The relationship of the A2B5 + astrocyte precursors to other glial precursors in rat spinal cord cultures is unclear. One possibility is that they represent 02A progenitor cells at a stage of development after commitment to the type 2 astrocyte differentiation pathway but before GFAP expression. The differences in response of 02A progenitors and A2B5 + astrocyte precursors to mitogenic and differentiation signals, however, make this unlikely.
It may be that the A2B5 + astrocyte precursors represent type 1 astrocyte precursors at an early stage of development, since type 1 astrocytes are thought to be derived from radial glial cells, and A2B5+ radial glia have been described in the spinal cord (Frederiksen and McKay, 1988) . In other systems, however, no A2B5 + cells have been described in the type 1 astrocyte lineage, while in PO spinal cord cultures, A2B5 antibody-mediated complement cell lysis did not significantly reduce the number of flat type l-like astrocytes that subsequently developed. Furthermore, in long-term clonal cultures, A2B5 + astrocyte precursors gave rise to clones of either process-bearing astrocytes or specific pancake-shaped astrocytes, neither of which underwent further morphological transformation to fibroblastic type l-like astrocytes.
The most likely possibility is that A2B5 + astrocyte precursors represent a discrete astrocyte precursor that gives rise to a distinct class of astrocytes. Consistent with this hypothesis is the observation that proliferation of these precursor cells is regulated by factors different from those involved in the proliferation of both type 1 astrocyte precursors and 02A progenitor cells. For example, A2B5+ astrocyte precursors proliferated in response to both serum and PDGF, while type 1 astrocyte precursors proliferated in response to serum and 02A progenitors proliferated in response to PDGF (Noble et al., 1988) . Furthermore, the regulation of differentiation of these precursors into astrocytes is different from that of 02A progenitor cells. On a monolayer of type 1 astrocytes in the absence of serum, 02A progenitors differentiated into oligodendrocytes Temple and Raff, 1986) , while under identical conditions A2B5 + astrocyte precursors differentiated into astrocytes.
A2B5 + astrocyte precursors may not be confined to the spinal cord. For example, a small proportion of A2B5+ cells in optic nerve cultures (17%) undergo DNA synthesis in the presence of serum, while similar glial precursor cells that differentiate into astrocytes but not oligodendrocytes have been demonstrated in cultures of postnatal cerebellum (Levine and Stallcup, 1987; Levine, 1989) or P30 rat forebrain (Norton and Farooq, 1989) .
Neither the initial origin nor the location of the differentiated progeny of the A2B5 + astrocyte precursors has been defined in the intact spinal cord. One possibility is that these cells represent the progeny of radial glial cells. In other regions of the CNS, radial glia appear to differentiate into astrocytes (Choi and Lapham, 1978; Schmechel and Rakic, 1979; Levitt and Rakic, 1980; Choi et al., 1983) . Consistent with this hypothesis are preliminary studies suggesting that in early development, A2B5 + astrocyte precursors are restricted to ventral regions of the spinal cord (J. Fok-Seang and R. H. Miller, unpublished observations), while A2B5-immunoreactive radial glial cells have also been shown to be restricted to ventral regions of the embryonic spinal cord (Frederiksen and McKay, 1988) . Alternatively, A2B5+ astrocyte precursors may be derived from cells around the central canal in the ventral spinal cord. Recent studies suggest that this region also gives rise to oligodendrocytes in the developing spinal cord (Warf et al., 199 1; E. No11 and R. H. Miller, unpublished observations) .
The spinal cord is a comparatively complex region of the CNS, containing multiple different axon tracts as well as central gray matter. Although the functions of astrocytes are still unclear, they have been proposed to support axonal growth (Silver et al., 1982) and the migration of neuronal precursors (Rakic, 1971; Hatten, 1990) to their correct destination during CNS development. In the adult CNS, astrocytes appear to assist in the formation of the blood-brain barrier (Janzer and Raff, 1987) form glial scars following injury (Maxwell and Kruger, 1965; Nathaniel and Nathaniel, 1981) , maintain the ionic environment (Hertz, 198 l) , and isolate neuronal elements (Peters et al., 1976) . If specific classes of astrocytes have a restricted repertoire of functions, then since spinal cord contains multiple axon tracts and distinct neuronal populations, it may be that multiple classes of astrocytes, derived from distinct precursors, are required to perform discrete functions in the developing and adult spinal cord.
